Objective 1) To determine whether JC virus (JCV) DNA was present in the cerebrospinal fluid (CSF) and blood from patients with multiple sclerosis (MS) in comparison with controls and 2) to find out if our clinical material, based on presence of JCV DNA, included any patient at risk for progressive multifocal leukoencephalopathy (PML). Methods The prevalence of JCV DNA was analyzed in CSF and plasma from 217 patients with MS, 86 patients with clinically isolated syndrome (CIS), and 212 patients with other neurological diseases (OND). In addition, we analyzed CSF cells, the first report of JCV DNA in CSF cells in a single sample, and peripheral blood cells in a subgroup of MS (n = 49), CIS (n = 14) and OND (n = 53). Results A low copy number of JCV DNA was detected in one MS cell free CSF sample and in one MS CSF cell samples. None of these had any signs of PML or developed this disease during followup. In addition, two OND plasma samples were JCV DNA positive, whereas all the other samples had no detectable virus. Conclusion A low copy number of JCV DNA may occasionally be observed both in MS and other diseases and may occur as part of the normal biology of JC virus in humans. This study does not support the hypothesis that patients with MS would be at increased risk to develop PML, and consequently screening of CSF as a measurable risk for PML is not useful. Multiple Sclerosis 2009; 15: 28-35.
Introduction
The interest in progressive multifocal leukoencephalopathy (PML) in non-immune suppressed patients has increased because the report of this disease in three of over 3000 patients treated with natalizumab (anti-VLA4; Tysabri, BiogenIdec, Cambridge, Massachusetts, USA) [1] . Natalizumab is regarded as an effective multiple sclerosis (MS) treatment [2] with more than 30,000 patients with MS currently treated (http://www.biogenidec.com).
PML is a fatal demyelinating disease caused by the polyomavirus JC virus (JCV) [3, 4] . Histopathologically, PML is characterized by a triad of pathologic features: demyelination, giant bizarre astrocytes, and oligodendrocytes with nuclear inclusion bodies [4, 5] . In the normal population, infection with JCV usually occurs asymptomatically early in childhood resulting in a seroprevalence of 50-90% in the adult population [6, 7] . After infection, the virus establishes latency in kidneys, lymphoid tissues, and bone marrow [8, 9] . The control of JCV infection is disrupted under conditions of suppression of cellmediated immunity and the virus can get reactivated and emerge from latency and cause PML in the CNS. It is not fully understood how the virus penetrates the blood brain barrier (BBB) but it is believed to transit through B-lymphocytes or as free virus [5, 10, 11] . JCV has a unique capability for targeting macroglial cells. Because of its capacity for latency, persistence, and tropism for oligodendrocytes, JCV has been questioned for a role in the pathogenesis of MS [12] . In view of the aberrant immune functions in MS, higher rates of reactivated JCV in persons with MS compared with healthy individuals can be hypothesized. Moreover, if subgroups of treatment naive persons with MS have JCV DNA in cerebrospinal fluid (CSF) or blood, such subgroups would be considered to have a higher risk of developing PML and therefore should be excluded from treatment with natalizumab. Furthermore, and in general, because not only natalizumab but also a series of upcoming other treatments for MS potently intervene in immune functions, it is of major importance to increase our knowledge about the reactivation and mechanisms of JCV infection. As a primary goal, we should get knowledge on JCV expression patterns in MS compared with controls. Detection of JCV DNA by PCR analysis of the CSF is proposed to be diagnostic for PML [13, 14] . Previous reports on detection of JCV DNA in CSF among patients with MS are discordant. In 1998, Ferrante, et al. [15] analyzed 121 patients with MS and detected JCV DNA in CSF in 9% compared with 0% in the control group. However, the same year, Bogdanovic, et al. [16] did not find any positive sample of JCV DNA in CSF from 45 patients with MS. In a recent study, a frequency of 4.7% JCV DNA in CSF among 43 patients with MS was detected at their first demyelinating event [17] . Franciotta, et al. [18] investigated 54 patients with MS but failed to detect JCV DNA in CSF in any of them. Detection of JCV DNA was also attempted in natalizumab-treated patients with MS; 329 CSF samples were analyzed and all of them where negative but five of 214 plasma samples were positive [1] . Concerning detection of JCV DNA in blood, several studies report no detection of JCV DNA from healthy controls [18] [19] [20] , whereas other groups found detection of JCV DNA in both healthy controls and immunoimpaired patients [21, 22] . In patients with MS, some studies report JCV in peripheral blood mononuclear cells (PBMCs) without any difference in frequency from control groups [15, 23, 24] , whereas others [18] did not find any JCV DNA in blood from patients with MS or controls. Recent investigations have also been performed on the potential effect of treatment with interferon-β on JCV DNA detection in PBMC: S Delbue [23] found a significantly lower detection (13.6%) of JCV DNA in interferon-β-treated patients compared with untreated patients (46.1%). These results were not confirmed in another study [24] where the JCV DNA detection was 6.8% in both interferon-β-treated and -untreated patients with MS. Certainly, there remain significant differences in findings on the presence of JCV in clinical samples. Consequently, we evaluated a series of CSF and blood samples and report results from a large number of untreated patients with MS and controls including 217 patients with MS, 86 patients with clinically isolated syndrome (CIS), and 212 patients with other neurological diseases (OND). In addition, we also tested for the presence of JCV DNA in CSF cells from individuals with MS (n = 42), CIS (n = 14), and OND (n = 53).
Material and methods

Samples
In total, 505 cell free CSF samples, 458 plasma samples, 109 CSF cells samples, and 116 PBMCs samples (Table 1) 
Patients
The MS cohorts who were defined clinically definite MS according to the revised McDonald criteria [25] , consisted of 175 relapsing-remitting MS (RRMS), 34 secondary progressive MS (SPMS), and 8 primary progressive (PPMS). Eighty-six patients had CIS, that is, patients who had their first clinical relapse with one or more magnetic resonance imaging (MRI) lesions characteristic to MS [25] , and one patient had Devics disease (neuromyelitis optica). The control group consisted of 212 OND (116 without any sign of inflammation and 96 with signs of inflammation [OND.INF]). More detailed characteristics of the clinical material are given in Table 2 . The MS disease activity was characterized based on clinical evaluation (remission or relapse) and by the Kurtzke Expanded Disability Status Scale (EDSS) at the time of sampling. Eighteen percent of the patients with RRMS were sampled during relapse.
EDSS varied highly but the median EDSS was 2.0 in RRMS, 5.5 in SPMS, 4.0 in PPMS, and 1.5 in the CIS group.
Patients defined as OND had a wide range of different diagnoses; unspecific sensory symptoms (n = 33), psychosis (n = 14), vertigo (n = 10), tension headache (n = 7), unspecific white matter lesions (n = 6), migraine (n = 4), dissociate paralysis (n = 4), spinal stenosis (n = 3), ALS (n = 3), neuralgia (n = 3), polyneuropathy (n = 2), neurasthenia (n = 2), neuromuscular bladder disturbance (n = 2), communicating hydrocephalus (n = 2), postcommotio syndrome (n = 2), cerebral vascular disease (n = 2), epilepsy (n = 1), muscle pain (n = 1), pseudo tumor cerebri (n = 1), Parkinson's disease (n = 1), vestibular neuritis (n = 1), hereditary spastic paraparesis (n = 1), benign intracranial hypertension (n = 1), Arnold chiari 1 anomaly (n = 1), Horners syndrome (n = 1), diplopia/striabism (n = 1), dischernia (n = 1), B12-deficiency (n = 1), meningeoma (n = 1), cervical ependymoma (n = 1), N. Pudendus damage (n = 1). The OND.INF group consisted of postpolio syndrome (n = 42), SLE (n = 23), herpes encephalitis (n = 10), cerebral vasculitis (n = 2), Lyme disease (n = 3), transverse myelitis (n = 3), infliximabtreated RA with neurological symptoms (n = 3), sclerodermia (n = 1), unspecific encephalomyelitis (n = 1), neurosarcoidosis (n = 1), encephalitis postvaccination (n = 1), bacterial meningitis (n = 1), mild viral meningitis (n = 1), genital herpes and lumbago (n = 1), sensory neural deafness and ulcerative colitis (n = 1). At the time of sampling, 26 patients with MS were on immunomodulating or immunosupressive treatments; IFN-β1b (n = 14), IFN-β1a (n = 3), cyclosphosphamide (n = 2), methotrexate (n = 2), azathioprine (n = 2), immune globulin (n = 1), prednisolone (n = 1), mitoxantrone (n = 1). In the OND.INF group, 30 patients were on immunosuppressive treatments; prednisolone (n = 14), azathioprine (n = 5), chloroquine phos- phate (n = 2), methotrexate (n = 2), etanercept (n = 2), cyclosphosphamide (n = 2), hydroxychloroquine (n = 2), and infliximab (n = 1).
Routine CSF examinations
The mean numbers of mononuclear cells in the CSF samples were 5 cells/μL in patients with MS, 3 cells/ μL in patients with CIS, 1 cell/μL in patients with OND, and 2 cells/μL in patients with OND.INF. Oligoclonal bands in the CSF were recorded in 87% of the patients with MS, 0.0% of the patients with OND, and 8.3% of the patients with OND.INF ( Table 2) .
Preparation of CSF, CSF cells, plasma, and PBMCs
Blood and CSF samples were collected and processed within 1 h. The peripheral blood was collected in sodium citrate-containing cell preparation tubes (Vacutainer CPT; BD Biosciences, San Jose, California, USA) and EDTA tubes. The CSF was collected in siliconized glass tubes. CSF samples were immediately centrifuged and the cell pellet was recovered. The CSF supernatants were batched and stored at −80°C. PBMCs were separated by density gradient centrifugation. Cells from the interphase were collected and washed twice with Dulbeccos's PBS. The plasma was recovered by centrifugation at 1500 × g for 15 min. The samples were stored at −80°C until use.
PCR analysis
Cell free CSF, CSF cells, plasma, and PBMCs samples were tested for JCV DNA at the NIH laboratory with extensive experience in the use of assays described previously [1, 26] . The nucleic-acid extraction was performed with QIAamp viral RNA mini-kit (Qiagen Inc., Valencia, California, USA). A starting volume of 200 μL of the sample was extracted and eluted to 50 μL. All samples were assayed in duplicate with the use of 10 μL of DNA template by polymerase chain reaction (PCR) using an ABI 7500 sequence-detection system (Applied Biosystems, Foster City, California, USA). The viral genomic locations of the primer and probe, the cycling conditions, and the standard curve design have been described previously [26] . In general, the assay uses the Taq-Man polymerase, a total of 40 cycles, and a read out of copy number determined from a set cross-over of a threshold based on control standards for each assay. The level of sensitivity of the assay, validated and certified through independent review under United States CLIA regulations, is adjusted to volume dilution at 25 copies/mL.
EIA titer (JCV)
The presence of IgG antibodies to JCV was tested using a hybrid JCV construct, JCV-SVE (Δ) (a JCVsimian virus 40 (SV40) strain that has a ligated regulatory sequence from SV40 into the regulatory region of JCV [27] ), as antigen. The optimum concentrations of JCV antigen and the respective reagents used to perform enzyme immunoassay (EIA) techniques were determined by block titration as described previously [27] . EIA was performed in 96-well, flat-bottom, Immulon-4 microtiter plates (Dynatech Laboratories, Chantilly, Virginia, USA). Coating solution, washing solution, blocking buffer, sample diluent solution, and other reagents specified were purchased from Kirkegaard and Perry Laboratories, Gaithersburg, Maryland, USA, and used in accordance with the manufacturer's instructions. Sample absorbance was measured at 450 nm with a SpectraMAX Plus spectrophotometer (Molecular Devices Corp., Sunnyvale, California, USA). Serum samples with an absorbance of 0.05 greater than that of serum controls were considered positive. EIA titers of ≥640 were considered positive, titers of 640-2560 were counted as low, >2560 to 10,240 as moderate, and ≥10,240 as high titers. Positive controls were derived from individuals known to be infected with JCV. Negative controls were derived from pediatric patients <3 years old. All EIA positive controls tested positive and all the negative controls tested negative.
Results
Detection and quantification of JCV DNA
Detection of JCV DNA in duplicates of each sample was defined as "detectable" samples. The results are shown in Tables 3 and 4 .
JCV DNA in cell-free CSF 1/210 (0.5%) of the patients with MS had detectable JCV with a viral load of 103 copies/mL. This patient was a 39-year-old male and had been diagnosed with MS 4 years before the CSF analysis was performed. At the time of sampling, he had developed secondary progressive MS and had an EDSS of 4.0. Routine laboratory data of the CSF showed: six mononuclear cells/μL, 182 mg/L albumin, presence of oligoclonal bands, and elevated IgG index. Brain MRI, 1 day before sampling, showed typical MS lesions but no signs of PML. He had no disease modifying treatment at sample time but had the same year discontinued injections with INF-β1a after 4 years of treatment. After sampling, he has been followed clinically for 24 months with a stable neurological condition and no signs of PML development.
None of the cell-free CSF samples from the OND (n = 115) or the OND.INF (n = 93) group had detectable JCV DNA in the CSF.
JCV DNA in CSF cells
1/42 (2.4%) of the CSF cell samples from patients with MS was positive for JCV DNA with a viral load of 25 copies/mL. This patient was a 44-year-old female diagnosed with relapsing-remitting MS the same year as sampling was performed. Routine laboratory data of the CSF showed: six mononuclear cells/μL, 217 mg/L albumin, presence of oligoclonal bands but normal IgG index. Her EDSS was 1.5. Cranial MRI, 1 month after CSF sampling, showed typical MS lesions but no signs of PML. She was treatment naive at sample time but has now started treatment with INF-β1b and has been followed clinically for 30 months without developing any signs of PML. Both MS patients with detectable JCV DNA, (in cell-free CSF and CSF cells, respectively), have not been retested for JCV DNA. None of the CSF cell samples from the control group, including OND (n = 23) and OND. INF (n = 30), had detectable JCV DNA.
JCV DNA in plasma
None of the 192 patients with MS tested for JCV in their plasma had detectable viral loads. In addition, all 101 samples from the OND group had nondetectable JCV DNA in their plasma but 2/95 patients in the OND.INF group, both diagnosed with SLE, had detectable JCV DNA. The first patient, a 57-year-old female with 6 years history of SLE had a viral load of 409 copies/mL. Her routine CSF laboratory work up was within normal ranges. She was examined with an MRI of her brain 1 month before the sampling, which showed no signs of PML but eight unspecific, 1-3 mm hyperintense supratentorial white matter lesions. At the time of sampling, she was treated with chloroquine phosphate. She had earlier been treated only with prednisolone. The other patient with positive JCV was a 21-year-old female with 5 years history of SLE. She had a viral load of 1123 copies/mL in her plasma. Her routine CSF laboratory work up was normal. She had ongoing treatment with prednisolone, but, 8 months before the JCV analysis was performed, had treatment with six doses of rituximab combined with cyclosphosphamide. She had also, 1 year before, been treated with azathioprine. Her neuroimaging with MRI, 2 weeks after sampling, was normal. Both patients with SLE have, after JCV analysis, been followed clinically for 31 and 25 months, respectively, without any signs of PML. They have not been retested for JCV.
All four patients listed above, with detectable JCV DNA, had detectable virus in only one body fluid compartment. 
JCV DNA in PBMCs
JCV DNA was not detected in PBMCs from patients with MS (n = 49), patients with CIS (n = 14), or control patients (n = 53).
Detection of JCV antibodies in plasma and CSF
Screening for presence of JCV antibodies in CSF and plasma was performed in 49 patients with MS, 14 patients with CIS, and 53 patients with OND. None of the CSF samples showed a positive antibody titer. In plasma, 69% (80/110) of all samples showed a range of positive titer from modest to high, as usually seen. EIA titers of 640-2560 were counted as low, >2560 to 10,240 as moderate and ≥10,240 as high titers (Figure 1 ). The prevalence found here was in the same rate as it has been described previously in the general population [5] [6] [7] . There were no significant difference in prevalence of positive JCV antibody titer in patients with MS compared with the control group.
Discussion
In the large cohorts studied here, we found only occasional samples with low copy number of JCV DNA among both persons with MS, most of which were treatment naive, and OND. We thereby conclude that these groups do not differ in their JCV expression patterns in the compartments studied. Thus, these data provide no evidence in favor for persons with MS being at higher risk for PML, a result that is consistent with the clinical findings of the incidence of confirmed diagnosis of PML. Our findings are in contrast to the study from Ferrante, et al. [15] , who reported positive JCV DNA in CSF from 11/121 patients with MS, but in agreement with the results from Alvarez-Lafuente, et al.
[17], Bogdanovic, et al. [16] , and Franciotta, et al. [18] . In the cases with very low but detectable JCV copy numbers, JCV was only found in one compartment, that is, either blood or CSF. Methodologically, we feel secure with our method using a Taq-Man real-time PCR protocol earlier validated as highly sensitive and reproducible for detecting JCV DNA [26] . We found 103 copies/mL of JCV DNA in cell-free CSF from one patient with SPMS and 25 copies/mL in CSF cells from one patient with RRMS compared with none in the control group. The two patients with MS, who developed PML after natalizumab-treatment, had detectable JCV DNA in CSF. One of the patients had a viral load of 2500 copies/mL in the CSF, 225 copies/mL in PBMCs, and 6050 copies/mL in the serum about 3 months after onset of PML symptoms and 4 months after the first PML lesion appeared on MRI scan [28] . The positive CSF analysis from the other patient (the study report does not give the exact viral load of the CSF or plasma [29] ) was also performed about 3 months after symptom onset and 2 months after MRI findings of PML. two patients with positive JCV in the CSF have been followed for 24 and 30 months, respectively, without developing any signs of PML. Because the clinical picture has remained stable, no tests in additional CSF or plasma samples for JCV DNA have been performed. However, it would be informative if future samples were tested to assess any persistence or trafficking of virus through the nervous system. We also found two SLE patients with positive JCV DNA in their plasma but without any detectable JCV in their CSF. It is known that patients with rheumatic diseases, including SLE, have an increased risk for developing PML [32] . Calabrese, et al. [33] found 24 SLE patients with PML when reviewing the literature. Ten of ten of them had positive JCV PCR in their CSF. PML has also been reported in two of 10,000 patients with SLE treated with rituximab [34] . Both these patients displayed JCV DNA in their CSF. Our SLE cases with detectable JCV DNA had virus in plasma alone and have been followed clinically for more than 2 years without developing signs of PML.
Although it is expected that occasional patients display JCV DNA in the plasma as part of the normally innocuous JCV infection in healthy persons, the detection of the virus in the CSF in certain individuals without PML is more surprising. We think that it is less likely that it represents viral persistence in the CNS. Instead, the finding could be consistent with the fact that blood-derived lymphocytes physiologically and normally traffic through the CSF. Then, if carrying JCV DNA, they may be detected. This means that JC viral DNA might be found in the CSF in rare cases of individuals in the normal population. This may also be the case with other ubiquitous DNA containing viruses that have tropism for the brain or circulate in the peripheral blood and traffic through the brain. However, the extremely minute observations preclude any firm conclusions on this. From a clinical perspective, however, the data show that with even very well validated methods and highly sensitive techniques, JCV DNA can be detected in CSF samples of persons without PML, and thus a diagnosis of PML must rely on a combined judgment of clinical picture, MRI and JCV DNA determination.
Further studies on the mechanism of JCV reactivation and factors leading to PML are important.
